Menthol cigarettes are likely associated with greater risks of smoking dependence than non-menthol cigarettes. We sought to test the hypothesis that menthol increases the rate of brain nicotine accumulation (BNA) during smoking and thereby enhances its addictive effects. In a counter-balanced cross-over design, 10 menthol and 9 non-menthol smokers (10 females and 9 males; mean age 44.3) underwent two study phases. In each phase, the participant smoked exclusively either menthol or non-menthol research cigarettes for approximately 1 week prior to a positron emission tomography (PET) scan session, during which the subject's head was scanned following inhalation of a single puff of smoke from a cigarette containing 11 C-nicotine. No differences in initial slope, C max , area under curve (AUC), and T 1/2 of BNA were found between menthol and non-menthol cigarettes across all subjects; however, menthol relative to non-menthol cigarettes were associated with steeper initial slopes in men (p ¼ 0.008). Unexpectedly, women had faster BNA as indicated by greater values of the initial slope, C max , AUC, and shorter T 1/2 than men (all pso0.04). The rates of BNA were significantly correlated with ratings of smoking motivations of getting a 'rush', getting relaxing effects and marginally with alleviation of craving. These results do not provide strong support for the putative role of menthol in enhancing BNA, although further studies should explore the apparent effect of menthol on BNA in men. Fast BNA during smoking and preference of sensory properties of menthol cigarettes may independently or jointly contribute to smoking dependence among women.
INTRODUCTION
Menthol cigarettes represent approximately one-fourth of all cigarettes sold in the United States (Giovino et al, 2004) . Menthol cigarette use is more common among smokers who are female, African American, young, and have low income (Food and Drug Administration, 2013) . A recent comprehensive review by the U.S. Food and Drug Administration (FDA) has concluded that menthol cigarettes are likely associated with greater risks of smoking dependence and thereby a greater public health threat than non-menthol cigarettes (Food and Drug Administration, 2013) . Despite substantial data to support this conclusion, there remain major gaps in knowledge of neuropharmacological mechanisms underlying the association of menthol and enhanced addictive effects of cigarette smoking. Among them, one unaddressed question is whether menthol enhances the rate of brain nicotine accumulation (BNA) during smoking, which is critical for its reinforcing and addictive properties (Benowitz, 1990; Henningfield and Keegan, 1993; Le Foll et al, 2007) .
Menthol reduces the harshness and irritation of cigarette smoke owing to its cooling (Eccles, 1994) and local anesthetic (Green, 1992) effects in the respiratory tract of smokers. With these effects, menthol in cigarettes might allow smokers to puff more intensively as well as inhale deeper and thereby have greater and faster intake of nicotine than that from non-menthol cigarettes. Moreover, menthol may increase breath-holding time (Sloan et al, 1993) . However, overall mixed findings have been reported on the effects of menthol on smoking topography and levels of nicotine exposure (Jarvik et al, 1994; McCarthy et al, 1995; Ahijevych and Parsley, 1999; Food and Drug Administration, 2013) .
Aside from its putative effects on smoking intensity, menthol may enhance nicotine permeability in the respiratory tract. Menthol increased transdermal (Kobayashi et al, 1994; Kunta et al, 1997) and transbuccal (Shojaei et al, 1999) permeability of various drugs. Recently, menthol has been demonstrated to increase the penetration of nicotine through porcine oral mucosa (Squier et al, 2010) . These findings are supportive of a proposition that menthol in cigarettes may increase the permeability of nicotine across the lungs (Jarvik et al, 1994; McCarthy et al, 1995; Clark et al, 1996 ; US Department of Health and Human Services, 1998). On the basis of the evidence for this proposition, we further hypothesized that menthol would enhance the rate of BNA by facilitating pulmonary absorption and transfer of smoke-delivered nicotine into the blood.
In this study, we sought to directly test the hypothesis that menthol increases the rate of BNA during smoking using high temporal resolution positron emission tomography (PET) and menthol and non-menthol cigarettes containing 11 C-nicotine. Additional analyses were conducted to examine the role of individual variables (eg, sex and menthol preference) in moderating the effects of menthol on BNA kinetics and smoking behavior, and to assess the associations of the kinetics parameters with motivations of smoking. PET with 11 C-nicotine loaded into cigarettes is currently the only technique available to directly assess the dynamics of smoking-delivered nicotine in the human brain. The approach was first used to characterize nicotine lung deposition (Lunell et al, 1996) and has recently been validated by two studies which demonstrated the rapid rates of BNA and their association with lung nicotine kinetics after smoke inhalation (Berridge et al, 2010; Rose et al, 2010) .
MATERIALS AND METHODS

Participants
Participants were recruited through television advertisements and flyers. Inclusion criteria consisted of 18-65 years of age, being generally healthy, smokingX8 cigarettes per day (CPD), and expired CO of X10 ppm. Exclusion criteria included respiratory disorders, psychiatric disorders, alcohol abuse, testing positive for illicit drug use, using noncigarette tobacco or nicotine products, and presence of contraindications for PET scan (eg, pregnancy and lactation). Because Basic cigarettes (Philip Morris, USA) were chosen as the research cigarettes, individuals who smoked Basic brand cigarettes in the past 6 months were also excluded to avoid likely brand preference-related biases.
Among 28 subjects enrolled, 10 menthol and 9 nonmenthol smokers completed the study (Table 1) and were included for the current analysis. Nine subjects dropped out because of reasons including scheduling conflict (n ¼ 1), no show (n ¼ 2), non-compliance with study protocol (n ¼ 2), anxiety or other unsuitable mental status at PET scan sessions (n ¼ 2), and technical difficulties with PET scan (n ¼ 2). The study protocol was approved by the Duke University Health System Institutional Review Board. All participants provided informed consent at the screening visit.
Study Design
Smokers participated in two study phases in a cross-over design. Each phase consisted of an approximately 1-week adaptation period during which the participant smoked exclusively one type (menthol or non-menthol) of research cigarettes with smoking topography recorded via a pocket device, a behavioral evaluation session, and a PET scan session using the same type of cigarette but containing 11 Cnicotine to measure BNA kinetics after smoke inhalation. The order of the two phases was randomized and counterbalanced across participants. The research cigarettes consisted of Basic Gold and Basic Menthol Gold 100's hard pack cigarettes which had identical FTC yield of nicotine (0.8 mg), tar (11 mg), and CO (14 mg). The smoking adaptation periods allowed subjects to get accustomed to the unfamiliar research cigarettes so that they could inhale the smoke from them during PET scans without complications, such as incomplete inhalation and coughing, which would affect PET data acquisition and interpretation. Topography recording was implemented to assess possible differences in menthol and non-menthol cigarette smoking and also to promote participant compliance with smoking the research cigarettes during the adaptation periods.
Procedure
Smoking history including years of smoking and number of CPD was collected using a general questionnaire at the screening visit. Participants also completed the Fagerström Test of Nicotine Dependence (Heatherton et al, 1991 ) and a 13-item Reasons to Smoke questionnaire (see Supplementary Materials). Expired CO was measured to ascertain smoke inhalation.
Prior to the beginning of Phase 1, participants practiced smoking the research cigarettes via a pocket smoking device (CReSS, Borgwaldt KC, Richmond, VA) at the first study visit (data not analyzed). They were instructed to smoke one menthol and one non-menthol research cigarette 40 min apart through the CReSS device. Expired CO concentrations were measured immediately before and 1 min after smoking each cigarette. Participants also rated their sensory experience following smoking each of the cigarettes on the Effects of menthol on brain nicotine accumulation Y Zuo et al Duke Sensory Questionnaire (Behm and Rose, 1994) . At the end of the visit, participants practiced taking and inhaling puffs in the supine position from a smoking delivery device identical to that which was later used in the PET sessions. They were also provided with research cigarettes of the assigned type (menthol or non-menthol; daily amount equivalent to 115% of self-reported numbers of usual brand CPD) along with smoking diary forms for their logging of numbers of CPD. They were asked to start smoking exclusively the assigned cigarettes and use the CReSS device on as many occasions as they could for about a week (5B12 days) till the upcoming PET scan visit. A portable cigarette ashtray and Ziploc bags were also given to the subjects so that they could collect all cigarette butts smoked during the period of smoking adaptation. The collection of these butts, which differed in paper and font colors between the menthol and non-menthol cigarettes, was expected to ensure compliance. Research cigarettes and other study materials for Phase 2 were provided to the subjects following the first PET scan session. Following the adaptation period during each phase, participants attended a lab visit on the day before the PET scan session. The procedure for these visits was the same as that for the first visit except that the participants first smoked a research cigarette of the type that they had been smoking during the preceding days and then a cigarette of the other type. Given a short plasma half-life of menthol (B90 min), only a negligible fraction (p0.04%) of menthol from smoking the menthol cigarette during the lab visit (before 5 pm) would remain in the participant's body at the time of PET scan on the following day (after 10 am) and therefore would have little impact on the PET scan following inhalation from a non-menthol cigarette. Additionally, smoking topography data and completed smoking diaries were collected at each of these visits.
PET Scanning Procedure
The PET scans were conducted using a GE Discovery VCT PET/CT scanner (GE Healthcare, Waukesha, WI, USA). The head of each participant was scanned for 12 min in a sequence of 25 1-s, 30 2-s, 120 3-s, and 70 4-s frames (field of view: 24.6 Â 24.6 Â 15.4 cm 3 , matrix size: 128 Â 128 Â 47). The scanning was initiated simultaneously while the participant took a puff of 30 ml smoke from a research cigarette containing 11 C-nicotine followed by inhalation of the smoke with 550 ml air. Immediately before this scanning, each participant took five puffs (30 ml puff volume, 45 s interval) from a non-radioactively labeled cigarette of the same type. Thus, for the PET sessions with menthol cigarettes, a certain amount of menthol was present in the body of the participant during the inhalation of single-puff smoke from the labeled cigarette. After the dynamic head scanning, a full-body scan was conducted to measure total inhaled radioactivity. Smoke delivery during the PET sessions was achieved through a customized, programmable device. Immediately after a 30-ml puff of smoke was generated from the device, the subject was verbally instructed to press a button valve and take the puff from a Teflon tube containing the smoke.
11
C-nicotine was synthesized following an established protocol (Halldin et al, 1992) . Approximately 740 MBq 11 C-nicotine, dissolved in 10 ml ethanol, was applied to the tip of the tobacco rod of the study cigarette. Both the tobacco rod and filter were shortened (to 10 mm and 5 mm, respectively) to ensure efficient 11 C-nicotine delivery. After evaporation of the ethanol, the cigarette was placed in the combustion chamber of the smoke delivery device and ready for use.
PET Image Processing
PET image processing was conducted using PMOD (Version 3.17, PMOD Technologies, Adliswil, Switzerland). The head CT image from the second scan session was co-registered to that from the first session and then the same transformation parameters were applied for co-registration of the brain dynamic PET images. Individual whole-brain volume of interest was drawn on the average of time-averaged images from the two sessions and then applied to dynamic images. A cylinder-shaped volume of interest was generated to cover the entire body image of each subject. After decay correction to the brain scan start time, the radioactivity within the volume of interest was taken as the total dose of inhaled radioactivity. Whole-brain 11 C-nicotine radioactivity over time was calculated as a percentage of the total dose of inhaled radioactivity. The resulting individual brain time activity curves were subject to three-exponential curve fitting with the following equation:
, where Y i is the fitted value at time t i while values of a, b, c, k 1 , k 2 , and k 3 are all constrained toX0. Initial rate of BNA was calculated as the linear slope of the fitted time activity curve over 15 s starting at the arrival of 11 C-nicotine in the brain. Values of maximal concentration (C max ), time to reach 50% of C max values (T 1/2 ), and area under the curve (AUC; over 12 min starting from the time of inhalation) were also extracted from the fitted time activity curves.
Statistical Analysis
Paired t-tests were conducted to compare the kinetics parameters of BNA between menthol and non-menthol cigarettes. Additional analyses using repeated measures (menthol vs non-menthol phase) ANOVAs with each between-subjects factor (eg, sex) were conducted to examine its effect and interaction with cigarette mentholation. Years of smoking was entered as a covariate in these analyses given its possible impact on nicotine kinetics (Yamamoto et al, 2012) . Similar analyses were performed on measures of smoking behavior which included self-reported CPD and a composite index of smoking intensity (puffing volume (ml)/min) averaged across the last 3 days of smoking adaptation, and CO boosts from smoking a study cigarette (CO post-smoking À CO pre-smoking ) after the adaptation. Partial correlations were calculated to evaluate the associations of BNA kinetics with smoking motivational measurements controlling for smoking years, sex, and menthol preference. Threshold for statistical significance was set at po0.05. Group mean values ( ± SEM) are reported unless otherwise specified. numbers of males and females in menthol and non-menthol smoker groups. No significant group differences were found in mean age, years of smoking, Fagerström Test of Nicotine Dependence scores, and expired CO at the screening visit. Self-reported numbers of CPD tended to be larger among the non-menthol than menthol smokers. Despite extensive efforts towards recruiting participants comparable in race/ethnicity composition between the two groups, the completers in the non-menthol group were all White, while equal numbers of Blacks and Whites in the menthol group completed the study.
RESULTS
Sample Characteristics
PET Results
Results of separate paired t-tests performed with the full sample (n ¼ 19) showed no significant differences in initial slope, C max , AUC, and T 1/2 of BNA between inhalation from menthol and non-menthol study cigarettes (all p-values40.23).
Exploratory analysis with repeated measures (menthol vs non-menthol phase) ANOVA with sex as a between-subjects factor and years of smoking as a covariate was conducted on each of the parameters of BNA. Results showed a main effect of sex (F(1,16) ¼ 6.373, p ¼ 0.023) and a significant sex Â mentholation interaction (F(1,16) ¼ 9.993, p ¼ 0.006) on initial slopes (Figures 1 and 2a) . Among men, the average initial slope was 26.2% steeper with menthol than non-menthol cigarettes (p ¼ 0.008), whereas slightly lower values were associated with menthol cigarettes in women. Mean initial slope across both cigarette types was 56.8% greater in women than in men. The analysis with C max revealed a main effect of sex (F(1, 16) ¼ 7.301, p ¼ 0.016). Averaged across the two types of cigarettes, C max values were 34.6% greater in women than in men (Figure 2b) . Similarly, there was a significant main effect of sex (F(1,16) ¼ 7.347, p ¼ 0.015) on AUC. Average AUC was 33.2% larger in women vs men ( Figure 2c ). As to T 1/2 , there was a significant effect of sex (F(1, 16) ¼ 5.665, p ¼ 0.03) with longer mean T 1/2 seen in men (Figure 2d ). Years of smoking was found to be a significant covariate with T 1/2 values only (F(1, 16) Similar ANOVAs with menthol preference and race (Black vs White) each as a between-subjects factor showed no significant main effects of either factor or their interactions with mentholation of study cigarettes (all psX0.18). Separate analyses with order (menthol phase being the first or not) as a between-subjects factor revealed a significant order Â mentholation interaction on T 1/2 values (F(1,16) ¼ 5.188, p ¼ 0.037). Mean T 1/2 was shorter after inhalation from menthol than non-menthol cigarettes (19.4 (3.1) vs 23.5 (3.6) s, p ¼ 0.019) among subjects who underwent the menthol cigarette study phase first, whereas no such difference was found in those who smoked non-menthol cigarettes first (23.9 (3.3) vs 22.8 (3.8), n.s.). Results from an additional repeated measures ANOVA with both sex and order as between-subject variables on T 1/2 measures showed that sex remained a significant factor (F(1,14) ¼ 5.557, p ¼ 0.033) and there was no interaction between order and sex (p ¼ 0.48), suggesting that order is not a confounding factor for the observed effect of sex.
Behavioral Results
Participants smoked via the CReSS devices on average 50.1±7.0% of self-reported total numbers of menthol cigarettes and 59.2±7.0% of non-menthol cigarettes smoked over the last 3 days of the respective smoking adaptation period, indicating overall moderate compliance with using the devices in naturalistic smoking settings. One of the male participants who had unusually large mean puff volumes per min for both menthol and non-menthol cigarettes (4 (group mean þ 3.5 SD)) was excluded as an outlier from statistical analyses on smoking intensity. Figure 1 Average brain nicotine accumulation (BNA) curves after inhalation of a single puff of smoke from menthol and non-menthol cigarettes in male (left, a) and female (right, b) smokers depict faster BNA with menthol than non-menthol cigarettes in males and overall faster BNA in females (n ¼ 10) than in males (n ¼ 9). Brain nicotine accumulation per kg of tissue mass was expressed as a percentage of the total dose of inhaled 11 C-nicotine. Data were calculated from fitted time activity curves for individual subjects. Gray straight line represents the time interval when the difference between inhaling from menthol and non-menthol cigarettes is statistically significant in male subjects (po0.05) based on paired t-tests performed on the fitted brain nicotine measurements at each time frame. For visual clarity, only plus or minus error bars (SEM) are shown for each curve.
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Paired t-tests indicated no significant differences in smoking intensity, numbers of CPD, and CO boosts between the two phases (all p-values40.33). Separate repeated measures (menthol vs nonmenthol phase) ANOVAs with sex as a between-subjects factor revealed a sex Â mentholation interaction (F(1,13) ¼ 7.310, p ¼ 0.018) on smoking intensity but not on CPD (Supplementary Figure S1A) and CO boosts. In men, lower smoking intensity was associated with menthol than non-menthol cigarettes (p ¼ 0.015), whereas women had slightly higher smoking intensity with menthol cigarettes (Supplementary Figure S1B) . Similar ANOVAs with menthol preference as a between-subjects factor showed a menthol preference Â mentholation interaction (F(1,17) ¼ 6.934, p ¼ 0.017) on numbers of CPD during smoking adaptation. Menthol smokers reported higher mean numbers of CPD while smoking menthol than non-menthol study cigarettes (18.4 (1.9) vs 15.3 (2.2), p ¼ 0.044), whereas non-menthol smokers tended to report lower numbers of CPD with menthol cigarettes (17.4 (2.0) vs 19.8 (2.3), n.s.). No main effects of sex or menthol preference were observed on these behavioral measures.
Relations between Brain Nicotine Kinetics and Smoking Motivations
Partial correlations were also calculated between BNA kinetics measures, averaged across menthol and non-menthol study cigarettes, and ratings on the Reasons to Smoke questionnaire, controlling for the effects of sex, menthol preference, and years of smoking. Greater values of initial slope, C max , and AUC were significantly correlated with higher ratings of motivational value of getting a 'rush' and getting relaxing effects and marginally correlated with alleviation of craving (Table 2) . Partial correlation plots in Figure 3 illustrate the associations of individual mean C max values with self-ratings of the former two motivations to smoke. 
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DISCUSSION
This study yielded three main findings: (i) menthol relative to non-menthol cigarettes were associated with faster initial rates of BNA after smoke inhalation in men but not women; (ii) women had overall faster BNA than men; and (iii) the rates of BNA correlated with ratings of some key aspects of smoking motivation. These results suggest that the impact of menthol on BNA and smoking dependence may vary by sex. The present finding that men had steeper initial slopes of BNA while inhaling from menthol than non-menthol cigarettes provides partial support for the prediction that menthol may enhance the rate of BNA during smoking. Rapid nicotine delivery through cigarette smoking has long been hypothesized to be crucial to its addictive liability (Benowitz, 1990; Henningfield and Keegan, 1993) . The present study contributes new evidence for the hypothesis by demonstrating significant correlations between rates of BNA after smoke inhalation and self-ratings of motivational value of getting a rush which is a good indicator of the reinforcing effects of nicotine and other addictive drugs (Foltin and Fischman, 1991; Volkow et al, 1999) . Given that reduction of stress and negative affect, along with relief of withdrawal, has a critical role in the maintenance of dependent smoking motivation and vulnerability to relapse after smoking cessation (Baker et al, 2004) , the association between faster BNA and higher motivation to get relaxing effects from smoking further suggests that rapid pharmacokinetics of BNA is linked to a key element of negative reinforcement from smoking. Thus, menthol-induced increases in the rates of BNA may be involved in the neurobiological substrates underlying greater risks of smoking dependence associated with menthol than non-menthol cigarettes in men. One possibility is that faster rates of BNA result in greater nicotine binding and activation or desensitization of a 4 b 2 -containing nicotinic cholinergic receptors, which are essential for the rewarding effect of smoking (Dani and Bertrand, 2007) . Given that smoking one to two puffs of a cigarette results in 50% occupancy of the a 4 b 2 -containing nicotinic cholinergic receptors, whereas smoking a full cigarette (or more) leads to over 88% receptor occupancy and a reduction of cigarette craving (Brody et al, 2006) , the present results suggest that menthol is likely to increase the rate at which the receptor occupancy reaches a level that leads to significant behavioral effects in male smokers.
In contrast with the results in men, no significant differences in BNA kinetics were found between menthol and non-menthol cigarettes in women. This result suggests that the higher prevalence of menthol than non-menthol cigarette smoking in women cannot be explained by the impact of menthol on BNA kinetics and other factors have to be considered. Indeed, unlike men, women in this study tended to report stronger sensations in the back of the mouth/throat and windpipe in addition to their higher ratings of liking and satisfaction with menthol than nonmenthol cigarettes (Supplementary Table S1 ). These observations indicate that sensitivity to and preference for sensory effects of menthol in cigarettes could be a factor that significantly contributes to the popularity of menthol cigarettes in women. Consistent with this notion, nonnicotine smoking stimuli such as olfactory/taste stimuli have been shown to be more potent conditioned reinforcers in female than male smokers . Together with the current finding of markedly faster BNA after smoke inhalation in women than men, these data suggest that a combination of enhanced reinforcing effects from rapid BNA and greater satisfaction with the sensory properties of menthol cigarettes may perpetuate menthol cigarette smoking in women through strengthened conditioned reinforcements.
The finding of faster BNA in women in itself may be important for understanding sex differences in smoking dependence and cessation outcomes. Women have greater difficulties quitting smoking (Perkins, 2001; Scharf and Shiffman, 2004) and also have poorer cessation outcomes following many nicotine replacement treatments (CepedaBenito et al, 2004; Perkins and Scott, 2008) . Although women's vulnerability to nicotine/smoking dependence is likely determined by many factors (O'Dell and Torres, 2014; Perkins et al, 1999) , considerable evidence suggests that women vs men are more sensitive to acute rewarding effects of smoking or nicotine administration. Some studies found that women experienced greater reductions in craving (Eissenberg et al, 1999) and tension-anxiety symptoms Effects of menthol on brain nicotine accumulation Y Zuo et al (Xu et al, 2008) immediately after cigarette smoking. Women reported stronger 'drug strength', 'head rush' from intravenous bolus nicotine (Sofuoglu and Mooney, 2009) , and stimulant and mood-altering experiences after nicotine nasal spray (Myers et al, 2008) . The current findings of markedly faster BNA in women than men after smoke inhalation and the correlations between the rates of BNA with ratings of some important aspects of smoking motivation may suggest a neuropharmacological mechanism underlying the sex differences in the reinforcement of nicotine/smoking. Women who become dependent on some stronger reinforcing effects associated with faster BNA during smoking may have greater difficulties quitting and also benefit less than men from nicotine replacement treatments that feature slower nicotine delivery.
What causes the sex differences in BNA during smoking is unclear. Fast BNA after smoke inhalation is critically determined by the fraction of inhaled nicotine that can rapidly deposit and then be transferred to the blood via the huge surface area of the alveoli and small airways in the lungs (Benowitz et al, 1988; Berridge et al, 2010; Rose et al, 2010) . Therefore, structural differences in the respiratory system between sexes could lead to differences in nicotine deposition and transfer in the lungs and the rates of BNA. First, men have larger diameter upper and lower airways than women (Mead, 1980) . As larger airways are more prone to turbulent air flow that enhances particle deposition (Ahmadi, 2009) , there is likely to be a greater deposition of nicotine-containing smoke particles in the upper airways and consequently reduced pulmonary nicotine deposition for men than women. Second, given the fixed inhalation volume during PET imaging, one possibility may be that, as noted for non-smoke particles (Jaques and Kim, 2000) , the inhaled nicotine penetrates more deeply into the lungs and reaches more alveoli in women because their lung volumes are smaller than that of men's (Crapo et al, 1982) . Besides these structural differences in the respiratory tract, female and male smokers might differ in capacity of pulmonary nicotine uptake ('trapping') because of smoke exposure-induced increases in alveolar macrophages (Yano et al, 2002) that may trap nicotine (pKa ca. 8.0) in their acid lysosomal bodies (pH 4.6B5.0; Mellman et al, 1986) . On the basis of evidence that female vs male smokers have overall lower nicotine/smoke exposure (Zeeman et al, 2002; Gan et al, 2008) , it is likely that women might have on average fewer alveolar macrophages and thereby lower nicotine trapping in their lungs and faster rates of nicotine clearance into the blood. Notably, we previously found that dependent vs non-dependent smokers had slower rates of nicotine wash-out from the lungs after smoke inhalation (Rose et al, 2010) , which further supports the likely association between the heaviness of smoke exposure and macrophage-mediated increases in pulmonary nicotine trapping.
The mechanisms underlying the sex-specific enhancement of BNA by menthol remain to be determined. As discussed above, faster BNA in women indicates that women probably have greater nicotine deposition in the alveoli after smoke inhalation. The absence of impact of menthol on BNA in women suggests that menthol is unlikely to enhance nicotine permeability through the alveoli to any significant level, presumably because nicotine transfer through them is extremely efficient as it is (Ingebrethsen, 2006) . Assuming that men have considerably greater nicotine deposition in the small airways because of their larger diameters than that of women's (Mead, 1980) and/or other unknown factors, we postulate that menthol may enhance nicotine permeability through membrane of these airways, similar to what it does to oral mucosa (Squier et al, 2010) , to a greater extent for men than women. Because bronchial blood flow drains mostly into the pulmonary circulation (Charan et al, 2007) , the increases of nicotine permeability in these small airways can contribute to faster rates of BNA after inhaling from menthol cigarettes as seen in men. Future investigations should evaluate these possibilities and other potential mechanisms for the sex differences in pulmonary nicotine deposition and clearance and their susceptibility to the influence of menthol.
Several limitations of the present study should be noted. First, there was a lack of African-American participants in the non-menthol smoker group. The total sample size was relatively modest, though not atypical for PET studies. Thus, the findings should be replicated in studies with larger, more balanced samples, which would also permit evaluation of whether any trends for selective attrition may introduce bias into the findings. Second, the lack of manipulation (eg, inhalation volume) or control of respiratory parameters (eg, inhalation flow rate and breath-holding time) might limit the generalizability of our findings. Although existing evidence is inconclusive with regard to the influence of menthol on puffing and inhaling patterns of smokers, it is still possible that the impact of menthol on BNA may be affected by certain respiratory parameters. Third, possible differences in tobacco blend and construction (eg, filter pressure drop) among other non-menthol factors between the menthol and non-menthol cigarettes could have affected their nicotine delivery. However, the comparable FTC nicotine/tar/CO yields of these two types of cigarettes seem to indicate a lack of overall impact of such differences, if they exist. Alternative experimental manipulations of menthol vs non-menthol cigarettes such as a use of encapsulated menthol cartridge cigarettes could permit better isolation of any impact of menthol from those of other factors on nicotine availability in future investigations. Another weakness of the study is a lack of a biomarker of menthol exposure during smoking adaptation periods which would have allowed objective verification of subject compliance in smoking assigned cigarettes.
In summary, this study provides only partial support for the hypothesis that menthol may physiologically enhance the rate of BNA during smoking. The findings suggest that the impact of menthol on BNA may have a role in promoting smoking dependence in men. For women, preference of the sensory properties of menthol cigarettes and fast BNA kinetics during smoking may independently or jointly contribute to smoking dependence. These results support the development of cessation treatments that target sex-specific effects of menthol on fast brain nicotine kinetics and the behavioral reinforcement of smoking. Further studies of the relations between menthol and sex differences in smoking behavior as well as pulmonary absorption and transfer of nicotine are warranted.
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